We studied the spectrum-domain mechanism of the delayed-interference signal-wavelength converter (DISC) analytically and found that the role of the passive Mach-Zehnder interferometer in this converter differs completely from that of conventional spectrum filters: it converts the semiconductor-optical-amplifier-induced cross-phase-modulated spectrum phase from out-of-phase to in-phase (constant phase). This converter therefore efficiently generates ultrashort nearly transform-limited pulses having a broad phase-locked spectrum. These conclusions are consistent with the output pulse shapes and spectra measured in experiments in which the wavelength of 2-ps 42-GHz pulses was converted from 1560 nm to 1553 nm.
All-optical wavelength converters 1) will significantly enhance the cross-connecting flexibility of wavelength-divisionmultiplexed (WDM) communication systems. The response time of these converters, though, is important for increasing the system capacity because increasing the number of WDM channels inevitably reduces the signal quality as a result of the cross-phase modulation during transmission. We previously proposed an ultrafast wavelength converter that we call a delayed-interference signal-wavelength converter (DISC). [2] [3] [4] It is a simple structure consisting of a semiconductor optical amplifier (SOA) followed by a passive asymmetric Mach-Zehnder (MZ) interferometer. Its response time is not limited by the semiconductor carrier's lifetime as we have demonstrated by showing that it can generate 7-ps 42-GHz 1560-nm wavelength-converted pulses from extremely low-power (6 fJ/pulse) 5-ps 42-GHz 1548-nm input pulses. The time-domain mechanism of the DISC is in principle exactly the same as that of the so-called symmetric-MachZehnder switch structure, [5] [6] [7] which has been intensively studied and used for various all-optical functions [8] [9] [10] [11] because of its ultrafast response. The DISC mechanism in the spectrum domain, in contrast, has not been studied. The passive MZ interferometer after the SOA, for example, appears to work as a spectrum filter, but the role of this filter in the wavelength conversion has not been identified. The chirp property of the converted output pulses, which is important for transmitting these pulses, has not been studied, either.
In the work reported here we studied the spectrum-domain mechanism of all-optical semiconductor wavelength converters analytically and found that the role of the MZ interferometer differs completely from those of conventional filters used in other all-optical wavelength converters and switches that consist of nonlinear waveguides followed by filters (an optical fiber and a filter, 12) or a semiconductor waveguide and a filter 13, 14) ). The DISC consists of a polarization-insensitive bulkInGaAsP SOA and a MZ interferometer (Fig. 1) . Input pulses (λ 1 ) and co-propagating continuous-wave (CW) input light (λ 2 ) enter the DISC. The input pulse width is much shorter than the carrier lifetime, the MZ delay time (between its two arms) is set close to the input pulse width, and the MZ phase difference is adjusted so that the CW wavelength components conversion process, but the XPM phase spectrum is difficult to measure experimentally. We therefore simulated the DISC operation numerically, assuming the SOA to be driven by 2-ps 42-GHz 11-fJ input pulses. We took into account the nonlinear refractive-index change which is proportional to the carrier-density change (the bandfilling effect), the linear gain, the pulse gain saturation, and the carrier recovery between pulses, 4) but we ignored the so-called ultrafast carrier dynamics because they do not affect the refractive-index change much when the SOA is driven by 2-ps pulses. 15) In these calculations we used SOA parameters measured previ-(λ 2 ) interfere destructively. The width of the output pulse is determined by the MZ's delay time.
2, 3) As a consequence, the DISC converts the pulse wavelength from λ 1 to λ 2 , without being limited by the carrier lifetime.
The λ 2 CW light is cross-phase modulated (XPM) inside the SOA by the λ 1 input pulses and the destructive interference in the MZ interferometer filters out the remaining λ 2 CW component. Our experimental setup ( Fig. 1) used the interference between orthogonally-polarized λ 2 beams copropagating through a birefringent calcite crystal instead of the interference between two spatially split beams. The MZ delay time was determined by the length of the calcite crystal, and the MZ phase difference was tuned by an opticalphase retarder (a Babinet-Soleil compensator). A conventional bandpass filter placed after the SOA removed the amplified λ 1 input pulses and most of the amplified spontaneous emission from the SOA, but passed all the XPM components with wavelengths near λ 2 .
Our attention in this work was on the phase spectrum of the XPM components throughout the DISC's wavelength- ously: gains of 700 at λ 1 and λ 2 , a carrier lifetime (τ c ) of 60 ps, and a pulse saturation energy of 180 fJ. Figure 2 shows the results calculated for the CW light (λ 2 ) at the SOA output. Fig. 2(a) shows the intensity modulation due to the SOA-gain modulation, and Fig. 2(b) shows that the CW spectrum is broadened because of the SOA-induced XPM (the spectrum spacing = 42 GHz = 0.34 nm). Our calculation revealed that the XPM spectrum components above and below the CW wavelength are out of phase with each other (Fig. 2(d) ), while the blue and red components are each in-phase (constant phase). The phase difference between the blue and red components is π . We think these are significant properties of semiconductor (SOA) -induced XPM. Our calculations also revealed that the XPM spectrum has these properties in general when the input-pulse repetition rate is higher than the carrier's cutoff frequency (1/τ c ). In such a case, the phase of the CW light as a function of time as well as its intensity have the saw-tooth-like shapes shown in Figs. 2(a) and 2(c). This is because the carrier density recovers linearly in time after each rapid depletion due to the amplification of a short input pulse. We concluded that the out-of-phase XPM spectrum originates from the saw-tooth-shaped phase and intensity modulation. Thus, the SOA-induced XPM differs from the fiber's pure-χ (3) -induced XPM previously used in all-optical switches.
4)
12) The fiber-induced XPM spectrum does not show such a discontinuity in phase. Figure 3 shows the results calculated for the XPM components at the MZ interferometer output (and also at the DISC output) when the MZ delay time ( t) was assumed to be 2 ps. Figure 3(a) shows that, as has been explained by the timedomain model, these XPM components form 2-ps 42-GHz pulses. And as shown in Fig. 3(b) , because of the destructive interference these is no CW component in the center of the XPM spectrum. Our calculations revealed that this spectrum, unlike the XPM spectrum at the SOA output, is in-phase as shown in Fig. 3(c) . It is thus indicated that the phase spectrum of the DISC output pulses is in-phase (constant).
It is also indicated that the MZ interferometer is different from conventional spectrum filters: the MZ interferometer not only filters out the CW component but also converts the XPM spectrum phase from out-of-phase to in-phase. The interferometer's output amplitude in the time domain, E out (t), is written as 
Equation (2) clearly indicates that the MZ interferometer changes the signs of the amplitudes of the spectra of the blue components (ω > ω 2 ). Thus, the phase spectra of the blue components shift by π with respect to those of the red components. Conventional filters cannot play the role played by the MZ interferometer. Multi-layered filters (including fiber Bragg gratings), for example, work as notch filters because of Bragg reflection. If the MZ interferometer in the DISC were replaced with an appropriate notch filter, the filter would remove the CW component and pass the other blue and red components but it would not convert the phase of the XPM spectrum. As shown by the calculation results in Fig. 4 , doublet pulses would be generated at the filter output because the blue components would destructively interfere with the outof-phase red components. If short pulses are to be generated when using such a conventional filter in place of the MZ interferometer, the filter must allow only the blue or only the red components to pass through. 13, 14) We tested these conclusions experimentally and found that the output-pulse shape and spectrum observed at the DISC output, respectively Figs. 5(a) and 5(b), were similar to the calculation results shown in Figs. 3(a) and 3(b) . We fed into the SOA 2.0-ps 42-GHz 11-fJ 1560-nm input pulses together with co-propagating 10-µW 1553.1-nm CW light. The MZ delay time was 2.0 ps. Although the pulse width shown in Fig. 5(a) is broadened due to the limited resolution of the streak camera we used, the pulse width determined using an auto-correlator was approximately 2 ps. (The non uniformity of the pulse height in Fig. 5 (a) was simply caused by the non uniformity of the 42-GHz input pulses, which were generated by spatially multiplexing 10.5-GHz mode-locked laser pulses.) The dashed line in Fig. 5(a) shows the background noise level due to amplified spontaneous emission from an Er-doped fiber amplifier placed in front of the streak camera. The extinction ratio indicated by the output pulses in Fig. 5 (a) is poor: the floor level between pulses is above the background noise level (the relative intensity between pulses is exaggerated in Fig. 5(a) , because the peak height shown there is antifactually reduced by a factor of 3 because of the limited reslution of the streak camera). The extinction ratio is poor when the output pulse width (the MZ delay time) is not negligibly short with respect to the repetition time but can be improved by optimizing the MZ phase bias. 4) The pulse shape and spectrum of the DISC output measured after optimizing the MZ phase bias to 1.04 π from π in Fig. 5 are shown in Fig. 6 . The phase bias was adjusted using a calibrated phase retarder. After the optimization, the extinction ratio is high and the spectrum envelope is smooth. The time-bandwidth product [ t × f ] was 0.41. The results of calculations assuming that the phase bias is 1.04 π matched these experimental results very well. These calculation results revealed that the output phase spectrum remains almost constant after the optimization.
In conclusion, we have analyzed the spectrum-domain mechanism of an ultrafast all-optical semiconductor wavelength converter and found that the MZ interferometer's role in this converter is fundamentally different from that of spectrum filters: the interferometer converts the XPM spectrum of the SOA output from out-of-phase to in-phase. The DISC therefore generates nearly transform-limited ultrashort pulses. The conclusions drawn from this analysis are consistent with measured results demonstrating the wavelength conversion of 2-ps 42-GHz pulses.
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